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Abstract 
  
This study explores experimentally the turbulent flow in a laboratory flume, interacting 
with waves propagated against the flow. It focuses a region of ‘wave-blocking’ for which 
there is a stream-wise location on the water surface, where the wave propagation velocity 
vanishes. The observations are corroborated by finding a critical wave frequency for a 
particular discharge above which the waves are effectively blocked; and verified by the 
dispersion relation of monochromatic wave. The counter-current propagating waves show 
an evolutionary change in the flow with three segmented regions, viz, flow at the 
upstream, blocking at the mid-stream and waves in the downstream. The instantaneous 
velocity data were collected using 3-D Micro-acoustic Doppler velocimeter (ADV) along 
the flume centerline. This study addresses the changes in the mean flows, Reynolds 
stresses, eddy viscosity, turbulence kinetic energy fluxes and associated contributions of 
burst-sweep cycles to the total Reynolds shear stress due to addition of surface waves 
against a current. The velocity power spectral analysis shows the energy distribution over 
the whole profile from upstream to downstream. The quadrant analysis is also used to 
highlight the turbulent event evolutions along the flow; and shows that at the wave-
blocking and wave dominated regions, the contributions from ejection and sweep to the 
total shear stress are dominant. The changes in turbulence key parameters due to wave-
blocking may affect the sediment transport in coastal region.  
 
Keywords: Turbulence; Wave-blocking; Mean velocity; Reynolds stresses; Spectrum 
analysis; Conditional statistics. 
 
HIGHLIGHTS 
 
1. Study of ‘wave-blocking’ for waves propagating against a current. 
2. Non-uniformity of flow with wave-blocking and wave dominated regions. 
3. Turbulence properties of counter-current propagating waves. 
4. Mean flows, Reynolds stresses, spectra and conditional statistics are analyzed.  
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1. Introduction 
 
Fluid flows observed in coastal environments are usually a combination of waves and 
currents. The combined wave-current flows govern many physical processes of interest to 
oceanographers and engineers working in coastal environments. For example, at the 
mouth of a tidal inlet the interaction between waves and tidal current can cause harms in 
navigation, affect the design of coastal structures, and alter the transport of sediment in 
the near shore region. Unsurprisingly, this interaction is of significance to coastal 
engineering and oceanography. As the waves attempt to penetrate into an opposing 
current, its group velocity reduces. This causes an increase in wave height and a 
subsequent decrease in wavelength that can induce the waves to break causing energy 
dissipation. In the process wave field can be blocked if its group velocity goes to zero for 
sufficiently strong opposing current. Thus, to understand the physical processes arising 
from wave-current  interacting flows, several investigations have been carried out over 
the last few decades for waves following or opposing a current both theoretically and 
experimentally (e.g. Van Hoften and Karaki [1], Grant and Madsen [2], Brevik and Aas 
[3], Kemp and Simons [4, 5], Klopman [6], Mathisen and Madsen [7, 8], Umeyama [9, 
10], Mazumder and Ojha [11], Ojha and Mazumder [12], Singh et al. [13].      
            For example, Brevik and Aas [3] presented the mean flow and friction factor 
arising from both following and opposing currents with surface waves over ripple beds. 
An experimental study for wave-current flows over smooth and rough boundaries was 
reported by Kemp and Simons [4], where waves propagated along the current. In their 
subsequent study [5], they focused the results, when the waves propagated against a 
current over the same boundaries, and compared the results with that of waves following 
a current. They reported that the mean velocity near the bed was insensitive to whether 
the wave propagated following or against current. For waves along the current, an 
increase in the bed shear stress was observed at the rough boundary, while for an 
opposing current, the near-bed velocities for the rough surface were decreased by ~ 40%. 
The near-bed turbulence intensities for both rough and smooth boundaries were increased 
by 50%. In combined wave-current flows, Van Rijn et al. [14] reported that the presence 
of irregular waves causes a decrease in mean velocity in the near bed region, but waves 
following current decreases the near surface velocity and vice-versa. The similar results 
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were also obtained by Klopman [6] on wave-current interactions. Two-dimensional 
wave-current interaction model applicable to the weak current was studied by Nielson 
and You [15] using a stress balance concept. The combined wave-current flows over the 
ripple bed were investigated experimentally by Mathisen and Madsen [7, 8] to determine 
the bottom roughness for combined boundary layers. They showed that the apparent 
hydraulic roughness was underestimated as obtained by Grant and Madsen [2]. Umeyama 
[9, 10] performed a series of experiments in an open channel flow for only current, waves 
following and opposing a current; and analyzed the changes of mean velocity and 
turbulence. They reported that for waves opposing current, wave attenuation increases, 
resulting loss of wave energy, and hence increase in mean flow near the water surface. 
On the other hand, for waves following current, there is less wave attenuation, less loss of 
energy and reduction in mean flow near the water surface. 
       Based on previous studies, it is assured that several experiments on wave-current 
interactions with waves following or opposing current had been performed over the 
years. A few attempts have been made to study for waves propagating against a current 
with ‘wave-blocking’ condition theoretically as well as experimentally, for which there is 
a stream-wise location where the wave propagation velocity vanishes. For example, a 
river mouth that empties in a sea, the river flow blocks the incoming sea waves.  Chawla 
and Kirby [16] performed a series of experiments to understand dynamics involved in the 
interaction between waves and strong opposing currents. They reported some interesting 
observations due to the interaction between waves and currents including frequency 
downshift and complete blockage of waves. It may be mentioned here that for sufficiently 
strong opposing current with the waves, the group velocity goes to zero, causing the 
waves to be blocked. They also focused their study to the energy dissipation due to 
monochromatic and random wave breaking at or before blocking points, and proposed a 
dissipation relation. Ma et al. [17] carried out experiments in a laboratory flume to study 
the nonlinear evolution of regular waves with different initial periods and different wave 
steepness s (0.05 < s <0.19) propagating on spatially varying opposing current along the 
flume. In the complete blockage of waves due to opposing current, they observed the 
peak-frequency downshift even in waves with small initial steepness (s < 0.10), which 
was consistent with results of Chawla and Kirby [16]. Recently, Shugan et al. [18] 
4 
 
developed a weakly nonlinear analytical model of Stokes waves on non-uniform 
unidirectional current. They focused their results to the stationary non-dissipative 
solutions for adverse and following non-uniform currents with different wave steepness. 
The interaction of steep surface waves with the strong adverse current under the wave-
blocking conditions including wave breaking was also presented and compared their 
results with [16, 17].  Haller and Ozkan-Haller [19] simulated the effects of current-
induced breaking on the modelling of wave breaking dissipation that occurs due to rib-
currents; and these are compared with laboratory data. Recently, Soltanpour et al. [20] 
conducted experiments to study the attenuation of waves with current over the mud 
layers, and studied the wave spectra for all three cases.  
               The knowledge of turbulence properties associated with interactions of surface 
waves with opposing current generating wave-blocking condition is important for coastal 
erosion, navigational hazard, river planning and restoration, bed form migration near 
inlet/river-mouth and channel evolution process. The results arising from the ‘wave-
blocking’ in the present study may imitate the blocking phenomenon generated in coastal 
environments, where the river flow blocks the incoming sea waves at the river mouth. 
Therefore, a substantial investigation is required to examine the basic single-phase 
turbulence and the flow characteristics in the wave-blocking. This investigation has the 
potential to be useful to the researchers who study the turbulence in wave-current 
environments in coastal regions.  
            The objective of this study is to investigate experimentally in a flume the mean 
flow and turbulence properties in wave-current interacting flows, when the waves 
propagate against a current at a wave-blocking condition. The counter-current 
propagating waves show an evolution of flow pattern with three segmented flow regions, 
such as, flow at the upstream, the wave-blocking at the mid-stream and the wave region 
at the downstream. More precisely, an attempt has been made to detect a wave-blocking 
region from a certain pair of flow discharge and frequency of opposing wave; and to 
address the associated turbulence parameters, such as, mean flows, Reynolds stresses, 
turbulence spectra, eddy viscosity, turbulence kinetic energy, and the fractional 
contributions of burst-sweep cycles to the total shear stress along the three regimes of 
flow. The novelty of this study is to explore the turbulence statistics of basic flow and 
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wave-current interacting flow under the complex wave-blocking environment; and their 
comparative study. Therefore, it is important to study in detail the turbulence phenomena 
from the fluid velocity spectrum under combined flows, especially for wave-blocking 
condition. The possible effects of wave-current interaction on sediment transport were 
suggested by Kemp and Simons [4] for current following waves, Ribberink [21] for both 
following and opposing waves, and Soltanpour et al. [20] for all cases in the flow. The 
knowledge of flow against the surface wave still has significant shortcomings, because 
there are lots of unknown physics of flow subjected to the frontal collision with the 
counter propagating waves, which are yet to be studied.  
          The descriptions of experimental set up for only current and wave-blocking are 
provided in Section 2; data processing and analysis is presented in Section 3; Dispersion 
relation for wave-blocking and verification with observed data in Section 4; Results and 
discussions including mean flows, turbulence intensities, Reynolds shear stress, spectral 
analysis, TKE fluxes, eddy viscosity, and coherent structures are presented in Section 5; 
and Summary and conclusions in Section 6.      
2. Experimental set up and measurements 
 
2.1 Test Channel 
 
Experiments were conducted in a specially designed re-circulating flume (Mazumder et 
al. [22], Sarkar et al. [23]) at the Fluvial Mechanics Laboratory, Physics and Applied 
Mathematics Unit, Indian Statistical Institute, Kolkata. The sidewalls of the experimental 
flume were made of Perspex windows with a length of 8.5 m, providing a clear view of 
the flow. The flume consisted of both the experimental and re-circulating channels of 
same dimensions (10 m long, 0.5 m wide and 0.5 m deep), which looked like oblong in 
shape (top view, Fig. 1a). Here in this flume, the commonly used narrower re-circulating 
pipe located below the experimental channel was avoided. Water was put into the re-
circulating flume at a desired depth for experiment. The main advantage of the present 
flume was that the whole water body was re-circulated throughout the flume without any 
disruption of flow due to passing through the narrower cross-sectional pipe. Two non-
clogging types of centrifugal pumps for the flow discharge were located outside the main 
body of the flume. The intake and outlet pipes were freely suspended to allow tilting the 
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flume. The outlet pipes (Pump-1 and 2) were fitted with by-pass pipes and valves, so that 
the flow discharges were adjusted. The electromagnetic discharge meters are fitted with 
the outlet pipes for continuous monitoring of the flow. The upstream bend of the channel 
is divided into three sub-channels of equal width 0.165m in dimension. Moreover, two 
honeycomb cages are placed at the back end of the sub-channels in front of the jets of 
high flow coming out from the outlets, and one honeycomb cage is placed at the other 
end of the sub-channels in order to ensure the vortex free and uniform flow of water 
through the experimental channel. The positions of cages in front of the jets and at the 
upstream end of the experimental channel substantiate the curvature effect free flow from 
the measurements. 
2.2 Wave-Maker        
 A plunger-type wave-maker is mounted at the downstream end of the flume at a distance 
8.5 m from the source to generate surface waves against the current (side view, Fig. 1b). 
Two six-inch wheels are fitted at the end of a spindle, which has got a gear in its middle 
position. One crank and shaft is connected at the rim end of each wheel. The shafts are 
allowed to pass through a guide to restrict their motion in vertical direction only. A 
triangular shaped six-inch cylinder closed at both ends is fitted at the other ends of the 
shafts, which is similar to the wave-maker of Euve et al. [24]. When the spindle is rotated 
using motor, the cylinder moves up and down to generate waves.  The wave-maker is 
placed in such a way that the triangular cylinder remained partially submerged in water 
when it is at its extreme positions: topmost and lowermost. This is done to avoid the 
generation of small unwanted waves and disturbances in the flow. Oscillatory wave is 
generated at a right angle to the steady unidirectional current, which leads to surface 
waves propagating against current. The wave-maker is fixed with a Variac (variable 
resistor) to control the frequency of oscillation. Calibration is made using tachometer for 
frequency variation. As the flume used in the present study is a re-circulating, the 
generated surface waves may get re-circulated with the flow, which may bring more 
complexity in the flow. To avoid this complexity, a wave-absorber is placed further 
downstream behind the wave-maker. Here the digital camera is used to record the wave-
lengths and amplitudes of waves travelling against the flow. 
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Fig. 1: Schematic diagram of the flume (a) plan view (after Fig.1 of Sarkar et al. [23]), (b) front 
view with wave-blocking condition, and (c) measurement locations. Here A, B, C, ......,H  
indicate locations of velocity data collection along the flow. Locations A, B, C denote the flow 
region; D, E and F denote the wave-blocking region with D as transition; and G, H denote the 
wave-dominated region. 
 
2.3 Flow measurements 
 The experiments were carried out at a desired discharge in the flume in two steps: (1) to 
verify the fully developed flow over the rigid flat surface, measuring flow velocity at 
eight different vertical locations along the centerline of the channel, and (2) to measure 
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the flow velocity in wave-blocking condition, when waves are superimposed against a 
current over the rigid flat surface, and to make a comparative study with the basic 
turbulence of fully developed flow. The coordinate system of measurement is as follows: 
x along the flow, y transverse to the flow towards left wall and z is bottom-normal to the 
flow positive upward. The origin (0, 0, 0) is at the inlet source at the centerline near the 
honeycomb.     
       First, experiments were conducted over the rigid flat surface at a flow discharge Q = 
0.0322 3 /m s to confirm the fully developed flow in the channel. Eight different 
measuring stations A, B, C, D, E, F, G, and H along the flow from upstream to 
downstream were selected (Fig.1c, side view); and the respective dimensionless distances 
of the locations were x/L = 0.29, 0.38, 0.49, 0.58, 0.63, 0.66, 0.69 and 0.72, with x/L = 0 
at the inlet source, where L = 10 m is the length of the experimental channel. Water depth 
was kept constant at h = 30 cm for all experiments and the hydraulic slope of the flume 
was of order 0.0001. After a passage of certain time about 60 minutes, when the flow 
achieved an equilibrium state, the instantaneous velocity data were collected using a 
SonTek 16MHz down-looking 3-D acoustic Doppler velocimeter (ADV) from the lowest 
level 0.35 cm to the highest level ~24 cm for 180 seconds at a sampling rate of 40 Hz 
from all the eight vertical locations along the flume centreline. The sampling volume was 
located 5 cm below the transmitter probe and the entire probe was immerged in water. 
ADV did not allow collecting velocity data near the free surface. The velocity data were 
cleaned by removing communication errors, low signal to noise ratio (< 15 dB) and low 
correlation samples (< 70%). Below the level 0.35 cm, sampling height was undetected, 
and hence the measurements of velocity data were erroneous (SonTek Inc. [25]). The 
ADV sampling volume is 9 x 10
-8 
m
3
 and is approximately cylindrical oriented along the 
transmitter beam axis. It has a diameter equal to that of 0.6 cm ceramic of the transmitter 
(Lohrmann et al. [26]), and the vertical length is 0.32 cm. Factory calibration of the ADV 
is specified to be ±1.0% of the measured velocity (i.e., an accuracy of ±1 cm/sec is on a 
measured velocity of 100 cm/sec).  
       The state of equilibrium condition of flow at a point in a location was confirmed 
from three repeated samplings of instantaneous velocity data for each interval of 60 sec 
using the ADV. The time series of instantaneous velocity data of 60 sec at a point are 
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shown in Fig. 2 (a, b, c), and their time-averaged velocity and variance values show 
almost same at that point, indicating the stable state of flow. Thereafter, in the present 
experiments the instantaneous velocity data were continuously collected using ADV for 
different lengths of time period, like three minutes, four minutes and five minutes of 
intervals, to achieve the stable statistics of flow; and found that the time-averaged of 
velocity data for each period of time showed almost same values of mean and variance. 
 Finally, the collection of velocity data was maintained for three minutes of interval to 
reproduce the turbulent coherent structures in these experiments, and to satisfy the 
ergodicity condition with reference to the velocity mean and variance (Bendat and 
Piersol, [27]). Therefore, for the present study, the duration of three minutes of velocity 
data was selected throughout the analysis of the problem. In their experiments, Barman et 
al. [28] followed the same procedure for collection of velocity to achieve the stable 
statistics of flow. 
 
Fig. 2 Instantaneous velocity plots of 60 sec each, showing the equilibrium state.  
 
       Once the fully developed flow was achieved, the experimental set-up was made in 
the flume with counter-current propagating waves. The existence of a critical frequency 
( c ) of incidence wave at a particular flow discharge (Q) was observed for which the 
wavelength was effectively blocked at a certain stream-wise location. The ‘wave-
blocking’ phenomenon emerged, when the counter-current became sufficiently strong to 
block the upstream propagating wave. The propagation of waves against a current was 
blocked at a location, where the opposing current reached the group velocity of the wave; 
and the wave could not penetrate over the blocking. The incoming wavelength mode was 
converted to two short wavelengths that were brushed away with the flow and could not 
travel beyond that blocking, that means, the counter-current propagating waves induced a 
mode conversion. The incoming incident long wavelength (that was impressed 
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externally)  interacting with a counter-current produced co- and counter propagating short 
wavelength modes with different wave numbers under the same frequency of stationary 
coordinate (Maïssa et al. [29]). Near the blocking zone one short wavelength wave was 
reflected back towards downstream and the other was transmitted towards upstream, 
indicating the energy of incoming wave was not conserved as it converted into other 
modes. However, it can be shown that the wave-action flux is conserved, which is the 
extreme importance of physical process involved in the combined wave-current flow. 
Essentially the shallow water wave reaches the blocking zone, gets blocked and is 
converted to two deep water waves which are sweep back with the background flow. For 
a pair of discharge (Q) and critical frequency (
c
 ) of wave, a non-uniform flow was 
observed along the flume with a ‘flow-only’ at the upstream, ‘wave-blocking’ at mid-
stream, and ‘wave-dominated region’ at the downstream. The locations A, B, C indicate 
the flow-only region; the locations D, E, F indicate the wave-blocking; and locations G, 
H indicate the wave-dominated region. We were interested to address how the turbulence 
key parameters along the flow were modulated due to the wave-blocking over the rigid 
flat surface. Therefore, here experiments was conducted to analyze the turbulence in a 
quasi-steady state for three pairs of discharge and critical frequency (Q,  c), such as 
(0.0197 3 /m s , 1.40 Hz); (0.0250 3 /m s , 1.31 Hz); and (0.0322 3 /m s , 1.30 Hz), that 
formed a wave-blocking at a mid-stream location.    
       Similarly, again after a certain time about 60 minutes, when the wave-blocking flow 
condition along the flume achieved an equilibrium state, the instantaneous velocity data 
were recorded using ADV from all eight vertical locations from the lowest height 0.35 
cm to the highest level ~24 cm along the flow in three respective regions for different 
Reynolds numbers Re
mu h

 , and the Froude numbers
m
Fr
u
gh
 , where um is the 
maximum mean velocity,  is the kinematic viscosity, and g is the acceleration due to 
gravity. The equilibrium condition of flow during wave-blocking in the flume was tested 
from three repeated samples of instantaneous velocity data collected at locations C, D and 
E for each interval of 60 sec using the ADV for all three different Reynolds numbers 
(Re). The time series of 60 sec velocity data at locations C, D and E were analyzed, and it 
11 
 
is observed that time-averaged velocities and variances for each time slot showed almost 
same, confirming the stable state of blocking condition. Here, time series plots at the 
location D (x/L = 0.58) at three different vertical levels (z/h = 0.015, 0.55, 0.75) are 
shown in Fig. 3. Each column in Fig. 3 represents the time slot of 60 sec. Therefore, in a 
similar manner as above in fully developed flow, three minutes of instantaneous velocity 
data collected continuously were selected to analyze for the investigation of turbulence 
characteristics. For photographic purpose, the transparent graph sheets having the grid 
size (mm x mm) were pasted in the Perspex wall of the flume from outside. The digital 
camera was used to record several images of amplitudes and wave-lengths of opposing 
wave frequency travelling over the water surface at the wave-dominated region. Four 
identical images with complete two wave cycles were chosen to estimate the surface 
wave-length (  ) and the wave-amplitude (hw). The pixel units of images were converted 
into metric units. The values of wave-length and wave-amplitude were estimated finally 
by averaging the data of four identical images; and presented in the paper (Table-1). It 
may be noted that the calculated flow discharge (Qcal) from the maximum mean velocity 
(um) and wetted perimeter is approximately 1.86 times greater than recorded flow 
discharge (Q) using electromagnetic discharge meter (Table-1). The recorded flow 
discharge (Q) is referred throughout the paper; and the results are presented only for one 
pair of flow discharge and frequency (0.0322 3 /m s , 1.30 Hz). According to Dean and 
Dalrymple [30], whether the wavelength  is much shorter or longer than the mean water 
depth h  were computed for different flow discharges (Q = 0.0197, 0.0250, 
0.0322 3 secm ). Table-1 shows the values of mean flow depth (h), wavelength ( ), 
initial wave-amplitude (hw), critical wave frequency ( c), wave steepness (s),  and wave 
nature for three pairs of discharge (Q) in the opposing wave-dominated region. The 
incoming wave-amplitude (hw) decreases as approaching towards the blocking region and 
diminishes to millimeters in magnitude due to the loss of wave energy. 
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Fig. 3 Time series plots of instantaneous velocity data for 60 sec each in wave-blocking 
condition at different levels (z/h) at location D, showing the equilibrium state.  
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3. Data processing and analysis 
 
The collected velocity data were always affected by the Doppler noise associated with the 
measuring technique and thus noise has to be removed before the computation of 
turbulence parameters. The raw velocity data collected from all vertical locations were 
processed to remove noise using a phase space threshold de-spiking technique described 
by Goring and Nikora [31] and implemented in the win-ADV software Wahl [32]. The 
velocity data were analyzed systematically for all the locations. The effects of large noise 
were removed by minimizing the possible aliasing effect near the Nyquist frequency 
(herein fn = 20 Hz). About 2 to 4% of the raw data were excluded. Such excluded data 
signals were replaced by cubic polynomial interpolation technique.   
       In turbulent flow, the mean velocity is described with the aid of a Reynolds-like 
decomposition, where the periodicity of mean flow is accounted for. The instantaneous 
velocity components (u, v, w) in the Cartesian coordinate system (x, y, z) include a mean 
and a fluctuating component given by  
u = u  + u′; v = v  + v′; w = w  + w′                       (1)  
where u , v , w  = mean velocities along (x, y, z) directions; u′, v′, w′ = the fluctuations of 
velocity components u, v, w. Because the turbulent flows associated with eddies are 
random in motion, these are characterized by statistical concepts. The mean stream-wise, 
lateral and bottom-normal velocity components ( u , v , w ) are defined as 
1
1 n
i
i
uu
n 
      ,    
1
1 n
i
i
vv
n 
         and      
1
1 n
i
i
ww
n 
                                                     (2) 
where n is the number of observations (n = 7200) during full sample period 180 sec. The 
root-mean-squares of stream-wise and bottom-normal turbulent intensities ( u  , w  ) are 
defined as
  
 
2 2
1
1
( )
n
u i
i
u u u
n


                                                                       (3) 
2 2
1
1
( )
n
w i
i
w w w
n


  
   
                                                                                        (4) 
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Eqs (3) and (4) are denoted as the standard deviations of the ‘random’ stream-wise and 
bottom-normal velocity fluctuations. The larger standard deviation indicates a higher 
level of turbulence. The intensity of turbulence shows the degree of turbulence in the 
flow, which is defined by using the fluctuating component of velocity in all directions. 
The mean Reynolds shear stress component is defined as:  
1
  ' ' ( )( )
n
xz i i
i
u w u u w w
n

 

                                                                               (5) 
The normalized stream-wise (I )u  and bottom-normal (I )w turbulent intensities and the 
normalized Reynolds shear stress ( )uw  are given by 
 
2
* * */ , I / , /u u w w uwI u u u w u        ,                                                               (6)     
where *u  is the shear velocity determined from the log-law.  
          To ensure the fully developed flow over the rigid flat surface, the collected velocity 
data are analyzed at all eight vertical locations (A to H) along the flume centerline, and 
the time-averaged stream-wise velocity are plotted in Fig. 4.  It is observed that the 
vertical profiles of stream-wise mean velocity are constant along the flume centerline 
except the locations A and B in the upstream, indicating the development of turbulent 
boundary layer over the flat surface from A to H shown by a line. As the stream-wise 
velocity profiles along the flume at six locations (C to H) showed the fully developed 
flow, average of all six profiles were considered to plot the logarithmic stream-wise 
velocity and other turbulence parameters.  
 
Fig. 4 Stream-wise mean velocity profiles ( *u/ u ) at eight horizontal locations (A, 
B…,H) along the flume centerline in flow condition and the line shows formation of 
turbulent boundary layer. 
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       For hydraulically rough surface, the normalized stream-wise mean velocity ( u /u*) 
was found to follow the log-law as 
                            * 01/ ln( / )u u z z ,                 (7)                                                               
where   is the von Karman constant (0.40) and z0 is the equivalent bed roughness (equal 
to 0.0084 cm) with coefficient of regression R
2
 ≈ 0.96. Here, *u (= 1.598 cm/s) is the 
friction velocity and was determined from the log-law (Fig. 5a, b). The normalized lateral 
and bottom-normal mean velocity components ( v /u*, w /u*) were approximately zero 
throughout the depth of the flow (Fig. 5a). The normalized turbulence intensity 
components (Iu and I )w  and the Reynolds shear stress ( )uw were plotted as a function of 
vertical distance (z/h) from the bed (Fig. 5c, d). It is observed from the figures that both 
the components of turbulence intensity do not vary significantly throughout the water 
depth (z/h), but stream-wise intensity shows a maximum value near the bed and then 
decreases slowly towards the water surface. Nezu and Rodi [33] proposed the following 
semi-analytical relationships for normalized turbulence intensities ( ,u wI ): 
          , , ,exp( )u w u w u w
z
h
I D C                                                                                      (8)  
where ,u wD , ,u wC are the dimensionless coefficients determined from the observed data of 
,u wI  and are given by  
  uD = 2.1712 and uC = 0.6786                                                                              (9a) 
        wD = 0.7655 and wC = 0.3322                                                                               (9b) 
The solid lines in Fig. 5c show the fitted values of intensities, which show in good 
agreement with Nezu and Rodi [33] and Nezu and Nakagawa [34]. However, these 
parameter values are not universal; they depend on the channel bed roughness. Fig. 5d 
shows the plot of normalized Reynolds shear stress ( )uw against vertical distance (z/h). 
The maximum value of normalized shear stress ( )uw occurs near the bed, and then 
decreases towards the water surface. The figure shows the normalized profiles of mean 
stream-wise, lateral and bottom-normal velocities, stream-wise and bottom-normal 
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turbulence intensities and Reynolds shear stress of fully developed flow over the rigid flat 
surface.   
 
Fig. 5 Normalized profiles: (a) symbol  for stream-wise ( *u/ u ); × for lateral ( / *
v u ); 
and  for bottom-normal ( w/
*
u ) mean velocities, (b) Stream-wise velocity ( *u/ u ) in 
log-scale, (c) Turbulence intensities ( uI  and wI ), (d) Reynolds shear stress ( uw ). Solid 
lines indicate fitted equation plot. These profiles are the average of all six profiles (C to 
H). 
        
           In order to verify the accuracy of individual time series velocity data of all three 
components, each of the velocity signals was first low pass filtered using Butterworth 
infinite impulse response (BIIR) with cut-off frequency 5 Hz to remove noise and to 
eliminate the possible aliasing effect. To minimize the noise in the higher frequency 
region of the intended spectra, each of the velocity signals was divided into ensembles of 
1024 data points and hence 7 ensembles out of the total observed data were obtained. All 
of them were de-trended about their mean separately. The power spectra were estimated 
at 0.0195 Hz intervals from 0 to 20 Hz with 95% confidence limit using the power 
spectral density (PSD) algorithm available in the Matlab software package with 
Hamming window (Venditti and Bennett  [35], Sarkar et al. [36]). Fig. 6 shows the plots 
of PSDs versus spectral frequency (f) of de-spiked velocity data of all three components 
in log-log scale at all six locations (C to H) at a mid-depth z/h = 0.53 over the flat surface 
along the flume. The slopes of the PSD follow the Kolmohorov -5/3 scaling-law within 
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the inertial sub-range. Hence, it is confirmed the accuracy of the measurement of velocity 
samples at all three directions as well as the fully developed flow along the channel.       
        According to researchers (Yang et al. [37], Absi [38]), a two-dimensional flow in the 
central portion of the flume was achieved with width/depth ratio 2. Since in the present 
study, the width/depth ratio was   2.1 with the occurrence of maximum velocity at the 
flow depth h = 24 cm as dip-phenomenon, it is ascertained the two-dimensional flow at 
the central portion of the flume, and hence the effect of secondary currents due to side 
walls on the flow was negligible. The quantitative confirmation of lateral and bottom-
normal mean velocity profiles throughout the depth is shown in Fig. 5a. Therefore, it was 
ensured that the flow was free from the secondary currents at the flume central line. 
 
 
Fig. 6: Plots of power spectral density (PSD) against spectral frequency of all three 
velocity components at a level z/h = 0.53 along six locations (C, D,…, H) on the fully 
developed flow.   
 
       However, when waves are superimposed on a current, it is important to introduce the 
phase-averaged quantities because the instantaneous velocity is modified by the mean 
velocity, the time-dependent velocity and the fluctuating velocity due to wave 
component. Accordingly, the instantaneous velocity components u and w are usually take 
the form as (Nielsen [39]; Umeyama [9]):  
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       u ( )u u t u                                                                                                  (10) 
      w ( )w w t w                                                                                                (11) 
where u( ) ( )t u t u     and w( ) ( )t w t w     with the over-bar denotes the mean 
velocity; tilde (~) denotes wave-induced velocity; prime denotes the fluctuating velocity; 
and the symbol <> denotes phase-averaged velocity. The wave-induced velocity ( )u t , 
possesses a periodic nature, is obtained by subtracting the mean velocity u  from the 
phase-averaged velocity ( )u t  . The phase-averaged velocity ( )u t   is determined by 
computing the average over an ensemble of samples taken at a fixed phase in oscillation. 
The phase-averaged velocity is defined by (Umeyama [9], Singh et al. [13]):  
1
0
1
( )
n
u u t n T


 
  
                                              (12) 
where n  = oscillation cycle number, T is the wave period,   is the total number of 
oscillation cycles. The phase-averaged velocity ( )u t  can be extracted from 
instantaneous velocity u  by cross-correlation with a sinusoidal wave in phase with 
oscillation. Here N = 50 sinusoidal waves-cycles are reproduced for velocity time series 
at a measurement point. However, this wave cycles are not observed in other cases, like 
wave-blocking region or further upstream. The normalized phase-averaged stream-wise 
and bottom-normal turbulence intensities are defined as:  
2
*
0*
( ( ) ( ) )
1
/
N
u
u
i
u t i t u t i tI u
u N


                                              (13) 
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w t i t w t i tI u
u N


                                            (14) 
where N = total number of oscillation cycles; and the normalized phase-averaged 
Reynolds shear stress is defined as:  
 2
*
0
( ( ) ( ) )( ( ) ( ) )
1
/
N
uw
i
u t i t u t i t w t i t w t i t u
N


                                             (15)   
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In the present study, calculations of turbulence parameters for wave-induced conditions 
were performed by phase-averaging of the velocity signal (Mattioli et al. [40], Umeyama 
[9, 10]).  
           Fig. 7 shows the raw velocity data against time at three different locations A, D. 
and H (namely, flow region, wave-blocking and wave-dominated regions) along the 
centreline at three different vertical levels (z/h = 0.015, 0.183, and 0.77) for a pair of flow 
discharge (Q) and frequency c   as (0.0322
3 /m s , 1.30 Hz).  The sinusoidal nature of 
combined wave-current flow showed prominence at the wave region H at the 
downstream, and this nature progressively decreased as approaching towards the bed as 
well as upstream of the flow. It is observed from Fig. 7 that the sinusoidal nature of wave 
diminishes close to the bottom surface (z/h ≤ 0.183). Hence the phase-averaging was not 
feasible because of non-sinusoidal nature near the bottom boundary (z/h ≤ 0.183) as well 
as away from the wave-dominated region along upstream. Therefore, in the present study 
the phase-averaged velocity was considered above the level z/h ≥ 0.183. The wave 
propagation against the flow leads to a non-sinusoidal nature in the flow beyond the 
blocking region, indicating the loss of wave energy as approaching upstream.  It focuses a 
regime known as ‘wave-blocking’, for which there is a stream-wise location where the 
wave propagation velocity vanishes, that means, the wave cannot penetrate over the 
blocking region. Therefore, the whole region of flow is divided into three distinct regions 
i.e. flow region, wave-blocking and wave region.  
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Fig. 7 Stream-wise instantaneous velocity records for three different regions i.e. flow 
region (x/H = 0.29 at location A), wave-blocking (x/H = 0.58 at location D) and wave-
dominated region (x/H = 0.72 at location H) at three different levels (z/h = 0.015, 0.183, 
and 0.770).  
 
4. Dispersion relation for wave-blocking and verification with observed 
data 
 
The present setup is completely adopted to study the specific feature of wave-current 
interaction, where the linear dispersion relation is primarily used for the low amplitude 
waves. Chawla and Kirby [16] showed that the blocking phenomena strongly depended 
on initial wave steepness. The waves are blocked perfectly in the opposing current when 
the wave steepness (s < 0.16) is small. In the present case, waves are not steep enough, 
and cannot produce wave breaking in the experimental condition (Table-1).  
           The linear dispersion relation for incompressible and small amplitude gravity 
wave on a fluid surface is given by   
          2 tanh( )gk kH                                                  (16)                             
where   is the frequency of wave, H is the water depth, and k is the wave vector. For a 
moving fluid medium, dispersion relation modifies as ([16, 19]):    
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  2 2( . ) tanh( )k U gk kH   
 
                                                 (17)         
where  is the wave frequency in moving frame, and U

 is the fluid velocity. 
Differentiating   with respect to k

, first two terms of Eq. (17) give  
  ga g
c U c 
 
                                            (18)     
where ga kc  

 is the group velocity vector in stationary frame and g kc  

 is 
the group velocity vector in moving frame. The wave-blocking occurs at a point where 
the absolute group velocity vanishes, that is, at the blocking point 0gac  , Eq. (18) gives 
as (only in horizontal direction):  
                     0gU c                                                                                     (19) 
Finally, differentiating   with respect to k, one can derive the group velocity gc  from Eq. 
(17) as: 
                               
1 2
(1 )
2 sinh 2
g
kh
c
kh k

                                                               (20) 
 
Now using the equation (19), we verify our present experimental data for three different 
pairs of discharge and frequency (Q, c ) shown in Table-2, where ga cc   , the group 
velocity in stationary frame (Table-1) and the fluid velocity U is assumed as the depth-
averaged velocity ( avgU ). It is observed from the Table-2 that the ratio of avg gU c is less 
than one for all three cases, indicating approximately the wave-blocking condition.  
  
Table-2: Verification of wave-blocking: 
 
Recorded 
discharge 
 
Q ( 3 /m s ) 
Group velocity in 
stationary frame 
 
gac (m/s) 
Depth-averaged 
velocity 
 
avgU (m/s) 
Group velocity in 
moving frame 
 
gc (m/s) 
Ratio 
 
 
avg gU c  
0.0197 0.4060 0.1837 0.2223 0.83 
0.0250 0.4716 0.2100 0.2616 0.80 
0.0322 0.5850 0.2800 0.3050 0.92 
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         However, several interesting and important features related to opposing wave-
current interaction, i.e. non-linearity and frequency downshifting (Ma et al. [17] and 
Shugan et al. [18]) are not considered in the present set-up. The rigorous analysis requires 
for the Stokes non-linear third order dispersion law for the gravity wave, and the 
frequency downshifting becomes relevant mainly when wave breaking occurs for 
sufficiently steep waves. Shugan et al. [18] stated when a strong increase of wave 
steepness was observed within blocking region, leading to a wave breaking. The larger 
values of wave steepness s lead to wave-breaking. If the steepness is high enough, the 
main effect in wave-blocking area is wave breaking and frequency downshifting, which 
are not studied here.  In the present experimental study the values of wave steepness lies 
below 0.16 (Table 1). So, the condition of blocking was fulfilled well in the present case. 
 
5.  Experimental results and discussions 
 
5.1. Mean velocity components 
The stream-wise mean velocity ( *u u ) normalized by friction velocity *u  are plotted 
against normalized vertical distance (z/h) in Fig. 8 along the flow at eight locations A to 
H with corresponding distances (x/L= 0.29, 0.38, 0.49, 0.58, 0.63, 0.66, 0.69 and 0.72) to 
illustrate the flow characteristics along the three different flow regimes: (flow, wave-
blocking, and wave-dominated). Phase-averaged stream-wise velocity 
*
u u is plotted 
at G and H in the wave-dominated region. In the figure, the altered velocity profiles due 
to wave-blocking condition are compared with that of fully developed flow along the 
locations C to H. 
        It is observed that the  mean velocity ( *u u ) due to wave-blocking condition is less 
than that of fully developed flow (log-law) at all horizontal locations (C to G) except the 
extreme downstream location H where it merges with fully developed flow (log-law) 
apart from the near-free surface. Although the values of mean velocity in wave-blocking 
condition are less compared to fully developed flow, the vertical lines up to mid-depth 
(z/h = 0.5)  apparently show that the mean velocity increases gradually from upstream to 
downstream, which is also confirmed from the Fig. 9, where all eight vertical velocity 
profiles due to wave blocking are plotted together. Kemp and Simons [5] and Umeyama 
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[9, 10] conducted several experiments for waves opposing a current, but they did not 
focus their attention to the wave-blocking for which wave propagation velocity vanishes 
at certain stream-wise location. In combined wave-current flows the wave-blocking 
condition appears from a certain pair of flow discharge and frequency of opposing wave, 
which is rather different from that of Kemp and Simons [5] and Umeyama [9, 10].    
        Umeyama [9, 10] showed that the stream-wise mean velocity for waves against 
current was reduced throughout the depth for higher frequencies (WCA1 and WCA2) 
except near the free surface, when compared with logarithmic profile. The present mean 
velocity near the wave-blocking and wave-dominated regions shows a good agreement 
with that of Umeyama [9] for the cases WCA1 and WCA2 (ω = 1.11, 1.0 Hz) for waves 
against current. He also showed that the decrease of frequency (WCA2, WCA3, and 
WCA4) leads to increase of mean velocity near the free surface, when waves propagate 
against a current. This is probably because when waves propagated against current with 
low frequency; there is a loss of wave energy due to increase of wave attenuation, 
resulting increase in mean velocity near the water surface. The gradual transfer of wave 
energy to the opposing current reflects the change of mean velocity from downstream to 
upstream passing through wave-blocking location. Particularly, the magnitude of mean 
velocity due to wave-blocking significantly increases specially at mid-depth from 
upstream to downstream locations A to H. 
      It is also interesting to note that at the upstream locations A to C the velocity 
*u u due to blocking condition clearly indicates an inflection point at a level z/h ~ 0.4, 
then it disappears from the location D further downstream up to H, where the phase-
averaged velocity 
*
u u decreases near the surface due to the dominated wave.  It is 
observed from the figure that the mean stream-wise velocity *u u  at all locations follows 
almost log-law with a shift from the fully developed flow. However, in combined wave-
current flow, Kemp and Simons [5] and Umeyama [9] showed the Eulerian-mean 
velocity profile due to waves propagating against current started to deviate from the log-
law in the region near the bed and increased towards free surface.  
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Fig. 8: Mean stream-wise velocity plots at eight selected locations along the flow. 
Symbol   represents for fully developed flow, and x (cross sign) represents for wave-
blocking condition along the flow. Locations A, B, C indicate the flow region; locations 
D, E, F indicate the wave-blocking region; and locations G, H indicate the wave-
dominated region. The vertical lines indicate the shifting of mean velocity at the mid-
depth.  
        
         For clear visualization of velocity structures, the vertical profiles of stream-wise 
mean velocity from upstream to downstream at eight different locations (A to H) are also 
shown together in Fig. 9. It is observed that near-bed region up to the level z = 3cm, the 
stream-wise velocity is almost similar. The magnitude of mean velocity increases from 
upstream to downstream in the mid-depth, and subsequently it decreases near the bottom 
as well as little below the water surface to maintain the conservation of mass. The 
longitudinal velocity profiles along the flow seem to be strongly affected due to the 
opposing waves against current.   
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Fig. 9: Stream-wise velocity plots in eight different locations (A to H): each symbol 
represents respective vertical locations at different distances. 
         
The profiles of normalized bottom-normal mean velocity along the flow are 
presented against z/h in Fig. 10 for different locations A to H; and the phase-averaged 
velocity 
*
w u is plotted in locations G and H in the wave-dominated region. It is 
observed that the bottom-normal velocity is negative throughout the depth at all locations 
(A to H) due to opposing waves, and interesting to note that the bottom-normal velocity 
is directed downward due to wave-blocking condition. It is observed that the velocity 
*w u does not vary greatly up to the depth ~ 0.4 at the locations A-D, then it negatively 
increases up to the water surface; whereas at further downstream locations E-H, the 
velocity starts to increase linearly with negative value from the near-bed to the water 
surface. It is noticed that the magnitude of *w u decreases from the flow region to the 
blocking region, and again it increases in the wave region. The change in direction of 
*w u along downward depth indicates a circulation within the flow region due to wave-
blocking, and consequently the stream-wise mean velocity ( *u u ) increases more in core 
region along with the induced flow. 
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Fig. 10: Normalized bottom-normal mean velocity against z/h at eight locations (A to H). 
Symbol   represents for fully developed flow, and x represents for wave-blocking 
condition along the flow. Here locations A, B, C indicate the flow region; locations D, E, 
F indicate the wave-blocking; and locations G, H indicate the wave-dominated region. 
 
5.2. Turbulence intensities 
The normalized stream-wise and bottom-normal intensity ( *u uI u , *w wI u ) 
profiles are respectively plotted against vertical depth (z/h) in Figs. 11 and 12 at eight 
different locations along the flume:- at flow region (locations A, B, C), blocking region 
(locations D, E, F) and the wave region (locations G, H). The profiles of phase-averaged 
intensities ( *u uI u , *w wI u ) are plotted for the locations G and H of the 
wave-dominated region. In general, Fig. 11 reveals that the intensity uI  increases at each 
location near the bed and reaches a maximum value and then decreases with increasing 
vertical distance from the bottom up to the level about ~0.15, and then no variation with 
the depth up to the location F; whereas at the wave-dominated region G and H, the value 
of uI  decreases gradually from the bed up to the level ~0.2 and no change up to the 
mid-depth ~0.5, and then again increases gradually with depth up to the water surface, 
which shows a concave nature in the profile. The present experimental results agree well 
with that of Kemp and Simons [5] and Umeyama [9] for the cases of WCA1 and WCA2, 
where the frequencies of waves are almost similar. Umeyama [9] reported that the 
superposition of the following and opposing waves over current, for both cases, uI  
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showed significant reduction from bed to mid-depth but no such effect near the surface, 
which also agrees well for the present case. Overall it is observed that the values of uI  
due to the wave-blocking at all locations are greater than that of the fully developed case, 
though the stream-wise mean velocity due to wave-blocking collapses with that of fully 
developed case at the location H.  
          It is observed from the Fig. 12 that the bottom-normal intensity wI increases all 
along the flow with respect to that of fully developed condition, but increment of wI is 
not that significant in the blocking region, whereas the increment of phase-averaged 
intensity wI  is high enough in the wave-dominated region at G and H, mostly near the 
surface. Increase of wI  is much prominent above z/h > 0.5. It is observed that the 
intensity wI at the locations C to F was almost constant from near-bed region to the water 
surface, whereas the phased-averaged wI was constant up to the mid-depth, and then 
increased linearly to the water surface, which agrees well with the results of Umeyama 
[9] for case of wave against a current. The profiles of wI along the stream-wise locations 
show the similar trend as uI with smaller in magnitude except in the flow region A to C, 
where the intensity profiles show convex nature. It is noted from the figures that the 
overall trend of both the normalized intensity components is less at the blocking region 
compared to that of the flow and wave regions, which may be due to suppression of eddy 
movement due to blocking phenomenon. In fact, Kemp and Simons [5] and Umeyama [9, 
10] analysed the experimental data for turbulence intensities due to waves opposing a 
current but they did not elucidate their work towards the wave-blocking condition 
generated from a certain pair of flow discharge and the frequency of opposing waves. 
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Fig. 11: Normalized stream-wise intensity against z/h at eight different locations: Symbol 
  represents for fully developed flow, and x (cross sign) represents for wave-blocking 
condition along the flow. Here locations A, B, C indicate the flow region; locations D, E, 
F indicate the wave-blocking region; and locations G, H indicate the wave-dominated 
region. 
 
 
 
Fig. 12: Normalized bottom-normal intensity against z/h at eight different locations: 
Symbol   represents for fully developed flow, and x (cross sign) represents for wave-
blocking condition along the flow. Here locations A, B, C indicate the flow region; 
locations D, E, F indicate the wave-blocking region; and locations G, H indicate the 
wave-dominated region. 
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5.3. Reynolds shear stress 
 
The profiles of normalized Reynolds shear stress due to the wave-blocking are plotted 
against z/h in Fig. 13 along eight locations (A to H) including fully developed shear stress 
from C to H along the flow. It is observed from the figure that in the flow region (A, B, 
C) the shear stress ( *
2/uw u w u   ) is almost same near the boundary up to z/h = 0.3, 
then it increases and reaches a maximum value at z/h = 0.7 and then again decreases, 
whereas for further downstream locations D to F, the qualitative nature of shear stress is 
almost same with the fully developed shear stress with higher magnitude at the mid-
depth. But at the wave-dominated region (G and H), the normalized shear stress uw  
increases from the bottom, reaches a maximum value at the level z/h0.35, then 
decreases and crosses that of fully developed flow at z/h = 0.6, indicating the lesser shear 
stress than that of fully developed condition near the free surface, which agrees well with 
that of Umeyama [9] for the case WCA1. The overall observations along the flow 
indicate that the normalized uw is modulated differently in different regions due to the 
opposing waves on the current (Fig. 13). This phenomenon is possibly due to the fact that 
when the waves oppose the flow, the incidence wavelengths are seen to be decreased as 
approaching towards the blocking region, implying that there is loss of energy of the 
surface waves through the energy transfer due to mixing between the flow and the 
opposing wave, and hence the internal structure of turbulence is changed, consequently 
the Reynolds shear stress is also. However, the Reynolds shear stress for wave-blocking 
condition from upstream to downstream is positive throughout the depth. Umeyama [10] 
observed that the addition of waves in a current for both following and opposing reduced 
the turbulent shear stresses at all horizontal locations. A clear reduction in the phase-
averaged shear stress uw  was observed near the bed, which also has the similar trend 
in the present observation (Fig. 13). The distribution of shear stress can be expressed as  
                   
2
*
u w z
a b
u h
   
    
 
,                                                                    (21) 
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which fits well with normalized shear stress profiles at the locations G to H with different 
coefficients aand b ; when z = h, shear stress is a b  , and when z = 0, that will be 
b . Similarly, at locations E and F, normalized shear stress is computed and plotted with 
the experimental data.  
 
 
Fig. 13: Normalized Reynolds shear stress against z/h at eight locations along the flow: 
Symbol   represents for fully developed flow, and x (cross sign) represents for wave-
blocking condition. Locations A, B, C indicate the flow region; locations D, E, F indicate 
the wave-blocking region; and locations G, H indicate the wave-dominated region Solid 
lines indicate fitting curve in wave-blocking condition using Eq. (21).  
 
5.4. Spectral and co-spectral analysis along the flow due to wave-blocking 
 
 In order to understand the internal structure of turbulence due to the wave-blocking 
condition, the spectral analysis was used to detect noise in the velocity signals. In a 
similar manner as before, each of the velocity signals was divided into ensembles of 1024 
data points, and hence 7 ensembles are obtained from the total observed data. Fig. 14 
shows a sequence of power spectral density (PSD) plots of velocity signals against 
spectral frequency (f) in log-log scale for three selected vertical levels (z/h = 0.77, 0.183, 
0.015) at eight locations A to H along the flow. The slope of the power spectra within the 
inertial sub-range was compared to the Kolmohorov -5/3 scaling-law. In Fig. 14, row 
represents three different water depths (z/h) and column represents eight locations (x/L): 
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locations (A, B, C) at flow region, locations (D, E, F) at wave-blocking and the locations 
(G, H) at wave-dominated region. The power spectra of stream-wise velocity signals 
suggest approximately a good fit to the slope -5/3 power-law having a moderately large 
inertial sub-range at heights z/h = 0.77 and 0.183. In wave-dominated region (x/L = 0.72 
at H), the figure shows that there is sharp peak in frequency 1Hz near the water surface. 
So, the value of PSD becomes maximum near about frequency 1 Hz in wave region, and 
from downstream to upstream the peak value diminishes gradually. It is clear that the 
effect of wave becomes smaller from wave-blocking region to flow region. At the near-
bed region (z/h = 0.015), power spectra become flat, so the slopes are very small. It is 
obvious that there is some difference between the levels especially in the lowest level (z/h 
= 0.015). According to Corvaro et al.’s [41] observations, moving towards bottom from 
water surface, the PSD transferred to the high frequencies and energy attenuation became 
larger. He also observed that PSD was closer to -5/3 law near the surface and became 
flatter near the bed. Similarly, in the present case, the PSDs near the water surface 
approximately fitted with -5/3 law and become flatter near bed. It was also observed that 
the flatness was greater in wave region compared to the other regions. The reason may be 
that there is a disturbance near the bed. So, the flow is not isotropic in this location. The 
spectra of velocity would be identical at all levels if the flow was completely isotropic. It 
is noted that surface energy or power is maximum at the surface of wave-dominated 
region, and it reduces towards wave-blocking region and finally there is no frequency 
peak at the flow region at A. This trend shows in the whole vertical profiles in Fig. 14. So 
the surface wave energy diminished gradually from the wave region to the flow region. It 
was observed that PDSs showed a distinct behaviour for different levels, mostly near the 
blocking and wave-dominated regions, which might be related to the different turbulent 
energy levels.   
 To discuss the energy distribution elaborately, the co-spectral analysis is also 
examined for all eight locations. The analysis is performed on the joint time series of 
stream-wise and bottom-normal velocity components in a similar process shown in Fig. 
15. In a one-dimensional velocity spectrum (e.g. u or w), the variance is proportional to 
the Reynolds normal stress (i.e. 2u or 2w ), whereas the covariance between two velocity 
components is proportional to the Reynolds shear stress ( ' 'u w ). The co-spectral tends to 
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have larger peaks than the corresponding stream-wise spectra (Venditti and Bauer [42]). 
Fig. 15 shows definite and dominant peak at flow region near the surface. Its values 
decrease near the bed. It is evident from Fig. 15 that the velocity co-spectra are flat and 
relatively undistinguished for z/h = 0.015, especially in wave regions (G and H) which 
suggest the absence of recurring oscillatory motions at dominant frequency zone 
(Venditti and Bauer [42]), which also supports the Corvaro et al. [41]’s analysis. At the 
mid-depth z/h = 0.183, the values of co-spectra become greater than that at the level z/h = 
0.77 for both wave-blocking and wave regions (D to H). 
 
Fig. 14: PSD in eight different vertical locations (A to H) from upstream to downstream 
at wave-blocking condition. Row represents three different heights (z/h = 0.015, 0.183, 
0.77) and column represents eight locations (A to H) along the flow. 
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Fig. 15: Co-spectral plots in eight different locations (A to H) from upstream to 
downstream at wave-blocking condition. Row represents three different heights (z/h = 
0.015, 0.183, 0.77) and column represents eight locations (A to H) along the flow. 
 
 
5.5. Eddy viscosity: 
 
The turbulent flow is often described by eddy viscosity as a local property of 
flow; as molecular viscosity which is a property of fluid. The closure models of the 
Reynolds shear stresses normally use an eddy viscosity hypothesis based on analogy 
between the molecular and turbulent motions. The turbulence eddies are thought of as 
lumps of fluid, like molecules, collide and exchange momentum. One of the most striking 
features of turbulence is the generation of turbulent eddies and self-similar behaviour 
over a range of scales (Batchelor and Townsend, [43]). These eddies play an important 
role in river turbulence, which affects the morpho-dynamics and sediment transport 
(Nikora and Goring, [44]). The corresponding mixing length due to the movement of 
turbulent eddies behaved like molecular mean free path derived from kinetic theory of 
gas (Markatos [45]). Since the Reynolds shear stress and the mean velocity gradient are 
known at different locations along the flow from upstream to downstream for fully 
developed flow and wave-blocking condition over the flat surface, the distribution of 
eddy viscosity t
 with depth is computed according to Boussinesq's concept as: 
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/ ( / )t u w u z
                                                                      (22) 
/( / )t u w u z
                                                                     (23)  
for flow condition and phase-averaged condition respectively (Hussain and Reynolds 
[46], Nezu and Nakagawa [34]). The normalized eddy viscosity for flow and wave-
blocking regions (locations A to F) is written from the log-law as:  
        */ 1t t z zu h h h  
   ,                                                                  (24) 
and for wave-dominated region (locations G and H), the phase-averaged normalized eddy 
viscosity can be written as */t t u h 
   . The profiles of eddy viscosity are 
plotted against z/h in Fig. 16. Solid line indicates the observed data for eddy viscosity in a 
fully developed flow (current-alone basic flow) and the dashed line indicates the fitted 
curve passing through the observed data of eddy viscosity for wave-blocking condition. 
In a steady flow over the flat surface using logarithmic velocity distribution, the eddy 
viscosity is parabolic and approximately linear near the bottom as suggested by Nezu and 
Rodi [33] using experimental data. It is also observed from the figure that values of eddy 
viscosity due to the wave-blocking along the flow from upstream to downstream 
(locations A to H) show scattered with a parabolic nature throughout the depth. It is 
interesting to note that the normalized eddy viscosity due to wave-blocking condition 
increases away from the boundary (z/h > 0.3) along the flow from C to E with respect to 
the eddy viscosity ( t ) for fully developed flow over a flat surface, then decreases and 
collapses at the locations of wave dominated region, except the location H, where the 
eddy viscosity t  decreases sharply near the surface (z/h > 0.5). Along the flow from 
upstream to downstream, two different behaviors of eddy viscosity appear due to wave-
blocking condition- one from the region A to E, and other from F to H in the wave-
dominated region. The occurrence of two different behaviors of eddy viscosity along the 
flow is probably due to the modulated shear stress in three different regions: flow in the 
upstream, wave-blocking at a location and opposing wave in the downstream regions. 
Kemp and Simons [5] stated that the values of eddy viscosity became more scattered due 
to the superposition of waves over current. A similar feature is also observed in the 
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present case in the wave-dominated region (Fig. 16). The present results agree also with 
that of Grant and Madsen [2] and You et al.[47] model for combined wave-current flow 
over rough bed. However, in the region 0.1< z/h <0.4 the eddy viscosity is constant and 
thereafter decreases. 
 
Fig. 16: Normalized eddy viscosity against z/h at eight locations along the flow: Symbol  
 represents eddy viscosity in fully developed flow, and x (cross sign) represents eddy 
viscosity during wave-blocking. Here locations A, B, C indicate the flow region; 
locations D, E, F for the wave-blocking region; and locations G, H indicate the wave-
dominated region. Solid line indicates the fitted curve for eddy viscosity for fully 
developed flow, and the dashed line indicates the fitted curve in blocking condition. 
 
5.6. Turbulence kinetic energy (TKE) fluxes 
 
The stream-wise and bottom-normal turbulence kinetic energy (TKE) fluxes are 
calculated as  
3
0.5( ' ' ' ' ' ' ' ' ')
m
ku
u u u u v v u w w
f
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
                                          (25) 
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for flow and wave-blocking regions at locations A to F, and 
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for wave-dominated region at G and H locations (Raupach [48], Maity and Mazumder  
[49]). The vertical profiles of normalized TKE fluxes are plotted against vertical height 
z/h in Fig. 17 for stream-wise flux kuf , kuf  ; and in Fig. 18 for bottom-normal flux 
kwf , kwf   for wave-blocking condition at eight different locations (A to H) from 
upstream to downstream along with that of fully developed flow (current-alone) over the 
flat surface for C to D. Here both the fluxes of TKE due to the wave-blocking are 
compared with that of fully developed condition, where the stream-wise flux kuf is 
negative and the bottom-normal flux kwf is positive throughout the depth. The stream-wise 
flux kuf for wave-blocking case varies along the flow with changing sign throughout the 
depth for all locations A to H in an oscillatory nature. At the flow region A, B, C, the 
values of kwf are negative around the mid-depth; at the locations D, E, F, G and H in the 
wave-blocking and wave-dominated regions, the flux kwf is almost zero except near 
boundary for all locations and near the surface for the wave-dominated region at G and 
H. At downstream locations F to H both stream-wise and vertical TKE fluxes at near-
bottom boundary show scattered positive and negative values. Agelinchaab and Tachie 
[50] showed that the flux kwf  was positive near the flat surface boundary, whereas 
Balachandar and Bhuiyan [51] showed that the flux kuf was negative values for the 
smooth surface, which agree with the present observations. The negative and positive 
values of the flux kuf  lead to the transport of energy in the backward and forward 
directions respectively; and related to the ejection–sweep character of the Reynolds shear 
stress. This is probably because the kinetic energy fluctuation is retained by extraction of 
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energy from the mean flow. While negative and positive values of 
kwf indicate 
respectively the transport of energy in the forward and backward directions. It is observed 
from the figures that the vertical distributions of 
kuf shown in Fig. 17 are qualitatively 
similar to those of kwf  in Fig. 18 with higher magnitude.    
 
 
Fig. 17: Normalized TKE flux in u-direction against z/h along the flow at eight different 
locations: symbol  with solid line represents fully developed flow, and x (cross sign) 
represents wave-blocking condition. Here locations A, B, C indicate the flow region; 
locations D, E, F indicate the wave-blocking region; and locations G, H indicate the 
wave-dominated region.  
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Fig. 18: Normalized TKE flux in w-direction against z/h along the flow at eight different 
locations: symbol  with solid line represents fully developed flow, and x (cross sign) 
represents wave-blocking condition. Here locations A, B, C indicate the flow region; 
locations D, E, F indicate the wave-blocking region; and locations G, H indicate the 
wave-dominated region. 
 
 
5.7. Quadrant analysis due to wave-blocking condition 
 
The quadrant analysis of Reynolds shear stress is frequently used to quantify the 
existence of coherent structures in the flow and to itemise their contributions to the total 
shear stress [52, 53, 54, 32]. The quadrants are usually referred to as the following 
names: (a) Quadrant-1 (Q1), outward interactions (i = 1: 'u > 0, 'w > 0), (b) Quadrant-2 
(Q2), ejections (i = 2: 'u < 0, 'w > 0), (c) Quadrant-3 (Q3), inward interactions (i = 3: 'u  
< 0, 'w  < 0), and (d) Quadrant-4 (Q4), sweeps (i = 4: 'u > 0, 'w < 0).  In this study, 
analysis is performed to highlight directly the contributions of turbulent event evolutions 
to the total shear stress for wave-blocking condition. At any point in a turbulent flow, the 
contribution of the total Reynolds shear stress from quadrant i, excluding the region H, is 
defined as,  
,
[ ' ']
i
u w
H
= ,
0
w( ) ( ) [ , ]
1
lim i
n
n
u t t I u w dt
n
   H                                                             (29) 
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where n is the total number of observations and the square bracket denotes a conditional 
average; and the indicator function
,
I
iH
 is defined as 
th
,
1,   if (u', w' ) is in the i quadrant and if | |
( , )
0,  otherwise
i
u w u w
I u w
    
   

H
H
                      (30) 
In the wave-dominated region, the phase-averaging is given by  
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and the indicator function , ( , )iI u w    H for phase averaging is  
th
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Here, H is the threshold parameter in the Reynolds shear stress signals by which one can 
extract the values of ' 'u w  from the whole set of data, which are greater than H  times 
' 'u w  value. The stress fraction by ith quadrant is defined as [49]:  
                              
,
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' '
[ ' ']
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u w
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H ,                                                                          (33) 
and for wave-dominated region using phase-averaging, the stress fraction ,iS H  is as 
                 
,
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H                                                                        (34) 
which gives the Reynolds shear stress fraction associated with each of the turbulent 
events. By definition for H = 0, 1,0 2,0 3,0 4,0 1S S SS      for both flow and wave-
blocking regions, and 1,0 2,0 3,0 4,0 1S S SS      for wave-dominated region.   
        Stress fraction ,| |iS H  for all three different regions (locations A, D and H) at each 
quadrant are plotted against threshold parameter H in Fig. 19a for the height z/h = 0.76; 
in Fig. 19b for z/h = 0.35; and in Fig. 19c for z/h = 0.142, where the locations A, D, H are 
denoted by different symbols in the figure. It is observed that the contribution of ejections 
and sweeps to the total shear stress are much higher than that of inward and outward 
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interactions for all threshold parameter H  values except near the surface at z/h = 0.76. 
The contributions due to wave effect are much higher in all four quadrants for all H 
except at the level z/h = 0.35, where the contributions due to flow are much higher in all 
four quadrants. In quadrants Q2 and Q4, it is observed that as the wave propagates from 
downstream to upstream, the contributions gradually decreases from the wave region 
(location H) to the flow region (location A) near the surface at height z/h = 0.76. It is 
interesting to note that the higher values of stress fraction sustain in the wave-dominated 
region for all quadrants, whereas contributions are almost equal for the flow (location A) 
and wave-blocking (location D) regions at the levels z/h = 0.142. But at the level z/h = 
0.35, contributions of all turbulent events to the total shear stress are greater for flow 
region (location A) than that of both wave-blocking and wave-dominated regions. The 
contributions of ejections and sweeps to the total shear stress are much higher than that of 
inward and outward interactions at the levels z/h = 0.35, 0.142, whereas the contribution 
are almost similar for all quadrants at the level z/h = 0.76. For example, at the level z/h = 
0.76 for H = 5, the contributions from the quadrants are 1,5S = -0.2076, 2,5S = 0.7279, 
3,5S = -0.2723, 4,5S = 0.6106, the sum of them is 0.8586, which is 86 % of the average 
shear stress   for the flow region at the location A; the contributions from the quadrants 
are 1,5S = -1.111, 2,5S = 1.590, 3,5S = -1.129, 4,5S = 1.563, the sum of them is 0.913, 
which is  91 % of the average shear stress   for the wave-blocking region at D; and the 
contributions from the quadrants are < 1,5S > = -7.907, < 2,5S > = 9.080, < 3,5S > = -8.488, 
< 4,5S > = 8.305, the sum of them is 0.99, which is 99 % of the average shear stress   for 
the wave-dominated region at location H. Similarly, at the levels z/h = 0.35, and 0.142 for 
H = 5, 10 and 15, the contributions from all quadrants to the total shear stress are 
determined for all three regions at locations A, D and H. Table-3 shows the percentage of 
average shear stress  for all three different regions A (flow), D (wave-blocking) and H 
(wave-dominated) at three different levels z/h = 0.76, 0.35, and 0.142 for three threshold 
parameter H = 5, 10, and 15. It is interesting to note that at the surface level z/h = 0.76 
for any fixed threshold parameter H, contribution in percentage of average shear stress 
increases from the flow region to the wave-dominated region along downstream, whereas 
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at the other levels z/h = 0.35, and 0.142, percentage contribution of average shear stress 
shows irregular behavior from the flow region to the wave-dominated region for different 
threshold parameters H. This irregular behavior in percentage contributions of average 
shear stress near the bottom boundary may be due to mixing generated from the waves 
propagating against the flow. It is observed from the Fig. 9 that the stream-wise mean 
velocity increases from upstream to downstream in the mid-depth, and subsequently it 
decreases near the bottom as well as water surface from downstream to upstream to 
maintain the conservation of mass. The longitudinal velocity profiles along the flow seem 
to be strongly affected due to the opposing waves.   
          For clear visualization of the turbulent bursting events along the flow over three 
different regions (flow, wave-blocking and wave-dominated) due to wave-blocking 
condition, the regions of all four quadrant events (Q1, Q2, Q3 and Q4) are shown in Figs. 
20(a-c) in red colour scale for three values of threshold parameters H = 0, 5 and 10 
respectively. The figures clearly show that the contributions of all four quadrant events to 
the total shear stress are dominant for the wave-dominated region compared to that of 
other two regions for all three values of H. Interesting to note that in the wave region 
both Q2 and Q4 are more prominent than Q1 and Q3 for all H values. Particularly, for H 
= 0, contributions of ejection (Q2) and sweep (Q4) at all three regions along the flow near 
the surface are dominant than that of outward (Q1) and inward (Q3 interactions. As the 
value of H increases, these contributions decrease in all three regions, especially in the 
flow and wave-blocking regions, but in the wave-dominated region all four events are 
dominant implying the higher shear stresses are generated mainly in the wave-dominated 
region. At the interface of two regions (wave-dominated and wave-blocking), the 
interaction of ejection and sweeps occurs, which may play an important role in the kolk-
boils phenomena (Mao [55] , Ojha and Mazumder [56]). It has been observed that some 
sediment could be ejected from the sediment bed into suspension due to kolk-boils 
formation. It seems that inside the pathway of the kolk-boil, the fluid pressure is low 
enough to form a negative pressure gradient and pick up sediment particles into 
suspension. 
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Table -3. Percentage (%) of average shear stress τ 
 
 Percentage (%) of average shear stress τ in conditional statistics for three different 
hole numbers at different locations (A, D, H) 
 
Water  
depth 
(z/h) 
Flow 
region 
(A) 
(%) 
Wave-blocking 
region 
(D) 
(%) 
Wave-dominated 
region 
(H) 
(%) 
H =5 H=10 H=15 H =5 H=10 H=15 H=5 H=10 H=15 
      (a) 0.760 85.86 54.38 26.78 91.30 75.96 59.61 99.00 101.00 110.9 
      (b) 0.350 88.08 65.97 44.00 68.04 27.89 8.76 68.04 12.24 8.76 
(c) 0.142 63.80 21.91 5.50 77.00 24.47 5.50 70.37 32.73 11.40 
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Fig. 19: Stress fraction ,| |iS H  for each quadrant against H: (a) vertical depth z/h = 0.76, 
(b) z/h = 0.35 and (c) z/h = 0.142. Symbol  denotes values in flow region at location A; 
* denotes values in blocking region at location D; and × denotes values in wave-
dominated region at location H.    
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Fig. 20: Contour plots of stress fraction ,| |iS H for each quadrant in the xz-plane: (a) for 
H = 0, (b) for H = 5 and (c) for H = 10. 
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6. Summary and conclusions   
A laboratory study has been carried out for ‘wave-blocking’ phenomenon generated from 
the counter-current propagating waves. It is observed that the propagation of waves 
against the flow is blocked at a location where the counter-current reaches the group 
velocity of the wave. In fact, there exists a wave-blocking in a stream-wise location from 
a pair of flow discharge and frequency of counter propagating waves. A non-uniform 
flow develops throughout the flume due to counter propagating waves. The whole flow 
along the flume can be segmented into three regions, such as the flow region at the 
upstream, wave-blocking region at middle, and the wave-dominated region at the 
downstream. Here there is an impressed gravity wave against the flow and to the best of 
our knowledge there is not much literature both in the form of experimental results or 
theoretical analysis. Our aim is to explore the turbulent flow characteristics in the wave-
blocking condition, which was not rigorously studied earlier in the flow with three 
different segmented regions.  
         Due to the generation of wave-blocking, a non-uniform distribution of mean flow 
was observed along the flume with three segmented regions. The magnitude of mean 
velocity increases from upstream to downstream in the mid-depth, and subsequently it 
decreases both at the near-bottom and water surface along the flume to maintain the 
conservation of mass. The mean velocity due to waves propagating against current is 
reduced towards upstream with respect to the fully developed flow. The transfer of wave 
energy to the opposing current reflects the sharing of mean velocity from downstream to 
upstream passing through wave-blocking. 
         Overall it is observed that the stream-wise ( uI ) and bottom-normal ( wI ) turbulence 
intensities due to wave-blocking case at all the horizontal locations are greater than that 
of the fully developed flow, but increment of wI is not so significant in the blocking 
region, whereas the increment of phase-averaged intensity wI  is high enough in the 
wave-dominated region, mostly near the surface. The stream-wise intensity ( uI ) in each 
location reaches a maximum near the bed and then decreases with increasing vertical 
distance from the bottom. The variations of normal stresses Iu and Iw are more prominent 
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near the bed and water surface to the wave region (G and H) compared to the other 
regions due to the effects of surface waves.  
The decay in the energy level of the surface waves was explained from the 
velocity spectra analysis. Power spectral density (psd) of collected velocity data were 
determined at different locations from upstream to downstream during wave-blocking 
conditions to find the dominant frequency and the corresponding strength of different 
kind of vortices. It is observed that the power spectra of stream-wise velocity signals lead 
to a good fit to the slope -5/3 power law having a moderately large inertial sub range at 
the near-surface and mid-depth along horizontal direction, whereas interesting to that at 
the near-bed region, the slopes are very small, especially in the wave-dominated region.  
          Due to wave-blocking condition, TKE fluxes are compared with that of fully 
developed condition, where the stream-wise flux kuf is negative and the bottom-normal 
flux kwf is almost zero throughout the depth. Also it is interesting to note that the stream-
wise flux kuf varies throughout the depth for all the locations A to H in an oscillatory 
nature. The negative and positive values of the flux kuf  lead to the transport of energy in 
the backward and forward directions respectively; and related to the ejection–sweep 
character of the Reynolds shear stress. While negative and positive values of kwf indicate 
respectively the transport of energy in the forward and backward directions. It is also 
observed that the vertical distributions of kuf are qualitatively similar to that of kwf in 
higher magnitude. 
        It is also observed that values of eddy viscosity due to the wave-blocking condition 
along the flow from upstream to downstream show scattered with a parabolic nature 
throughout the depth. The values of eddy viscosity in the wave-blocking condition 
become larger from upstream to downstream than the fully developed flow.  
         The quadrant threshold technique is used to differentiate the three distinct regions. 
It is clearly observed that the contribution of ejections and sweeps to the shear stress are 
much higher than the contribution of inward and outward interactions. The effect of wave 
is clearly seen in four quadrants for H = 0 and decays with increasing H. The average 
shear stress τ shares 100 % near the surface in wave-dominated region for wave-blocking 
condition. Conditional statistics shows that there is some effect of waves near the bed in 
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wave-blocking condition as the values of average shear stress τ at wave-dominated region 
share maximum percentage than flow and wave-blocking regions. 
           Here the experimental set-up was concentrated only to study a specific feature of 
wave-current interaction, where the linear dispersion relation was primarily used for the 
low amplitude waves for wave-blocking condition. However, several important features 
related to counter-current propagating waves, like non-linear dispersion and frequency 
downshifting [17, 18] were not considered in the present set-up. In fact, the Stokes non-
linear third order dispersion law for the gravity wave and the frequency downshifting 
analysis become relevant mainly when wave breaking occurs for sufficiently steep waves.  
If the wave steepness is high enough, the main effect in wave-blocking area is wave 
breaking and frequency downshifting. Therefore, a detailed analysis is required 
considering the non-linearity and frequency downshifting effects to the counter-current 
propagating waves for high wave steepness; this will be studied separately to come out 
with generalized results. 
This experimental study was directly performed to study the turbulence properties 
due to combined wave-current flows, especially when the waves propagated against the 
current with wave-blocking condition; though such a study has the potential to be useful 
to the researchers who study the turbulence behavior in natural environment.  
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